The aftershock records of the magnitude 7.1 earthquake that hit the island of Bohol in central Philippines on 15 October 2013 is investigated in the light of previous results for the Philippines using historical earthquakes. Statistics of interevent distances and interevent times between successive aftershocks recorded for the whole month of October 2013 show marked differences from those of historical earthquakes from two Philippine catalogues of varying periods and completeness levels. In particular, the distributions closely follow only the regimes of the historical distributions that were previously attributed to the strong spatio-temporal correlations. The results therefore suggest that these correlated regimes which emerged naturally from the analyses are strongly dominated by the clustering of aftershock events.
INTRODUCTION
The magnitude (M w ) 7.1 earthquake that affected the island of Bohol in central Philippines on 15 October 2013 resulted in the death of 222 people and economic losses amounting to 52.06 US dollars due to the destruction of infrastructure (Lagmay and Eco 2014) , including cultural heritage buildings like the Spanish-era churches of Baclayon and Loboc, believed to be some of the oldest in the country (Revilla 2014) . Apart from the economic and death toll, however, the quake is of particular importance as it revealed a previously unknown fault or fault system in the northern part of the island (Lagmay and Eco 2014, Kobayashi 2014) . Analysis of the earthquake and its immediate aftershocks can therefore reveal much about this newly discovered seismogenic zone.
To this end, a useful first approach would be to investigate the spatiotemporal properties of the generated earthquakes. Analyses based on interevent distances (or epicentre separation distances) and interevent times (or recurrence/waiting times) between successive events have been studied using global or regional earthquake records, revealing similarities and differences between earthquake-generating mechanisms Kantz 2014, Marekova 2014) . In particular, Batac and Kantz (2014) observed that both interevent distance and interevent time distributions exhibit two characteristic regimes corresponding to the clustering of correlated earthquakes at short spatio-temporal scales and the corresponding separation of independent events at longer separation distances and waiting times. The work includes the statistical distributions obtained for historical Philippine earthquakes obtained from the global Preliminary Determination of Epicentres Catalogue (PDE 1973 (PDE -2012 .
In this work, the spatio-temporal behavior of the immediate aftershocks of the magnitude 7.1 Bohol earthquake (15-21 October 2013) is characterized in the light of the previous results by Batac and Kantz (2014) using historical data. Interestingly, the observed spatio-temporal distributions closely follow those of the historical earthquakes only for short interevent distances and interevent times, and lack the secondary peaks observed at longer space and time scales. This suggests that the short interevent distance and interevent time regimes are primarily dominated by the aftershock occurrences.
EARTHQUAKE DATA SETS AND ANALYSIS
The work utilizes two earthquake records for the Philippine region, with different periods and sensitivities. Historical earthquakes from 1973-2012 used by Batac and Kantz (2014) , obtained from the PDE Catalogue (1973 Catalogue ( -2012 at the region 4-24qN and 115-130qE containing the Philippine archipelago, is used for comparison with events generated by 15 October Bohol earthquake. This record contains 10 000+ events that are above the threshold magnitude M th = 4.5 that ensures substantial completeness.
The second historical record is obtained from the Philippine Institute of Seismology and Volcanology (PHIVOLCS) for the period 2011 (PHIVOLCS 2013 . The PHIVOLCS Catalogue has a record of 4000+ earth- Cumulative magnitude count n(t M) divided by the total number of events N for the different data sets considered. Both PDE and PHIVOLCS earthquake data begin to obey the Gutenberg-Richter law at around M th = 4.5. Within the month of October 2013, the 7.1-magnitude Bohol earthquake produced relatively strong aftershocks starting with M = 5.5, but subsequent records appear to follow a distribution similar to the PHIVOLCS record.
quakes within the specified period and M th . Of these events, 234 happened within the 15-31 October 2014 time window and classified as aftershocks of the 7.1-magnitude Bohol earthquake. Figure 1 shows the spatial distribution of epicentres and the normalized cumulative magnitude distribution of the PDE, PHIVOLCS, and Bohol data sets.
For the earthquake records used, the space and time separation measures between successive earthquakes in the sequence are calculated. Upon considering N earthquake events in the catalogue, the i th event at (I i , T i ) (where I and T denote the epicentre longitude and latitude coordinates, respectively) will be separated from the (i + 1)th event at (I i+1 , T i+1 ) by the interevent dis-
arccos sin sin cos cos cos ,
where R E = 6371 km is the approximate radius of the Earth. Correspondingly, the same two events will have occurrence times t i and t i+1 , and will therefore be separated in time by the interevent time T i
The set of all R i 's and T i 's are collectively denoted by R and T, respectively, and analyzed based on their distribution functions. The relative frequency distributions f(R) and f(T) denote the actual counts of a particular value of R and T, n(R) and n(T), divided by the total number in the set, which is just equal to N -1 (i.e., because the last event considered has no succeeding event). Touati et al. (2009) showed that several features of the distributions, which are not readily discernible upon normalization, could be captured upon presenting relative frequency distributions. On the other hand, the probability density functions (pdfs) p(R) and p(T) report the distributions normalized with both N -1 and the bin widths used to present the data.
There is a wealth of previous literature that attempt to obtain the approximate form of the p(R) (Davidsen and Paczuski 2005 , Corral 2006 , Batac and Kantz 2014 , Marekova 2014 and p(T) (Bak et al. 2002 , Corral 2004 , Davidsen and Goltz 2004 , Touati et al. 2009 , Batac and Kantz 2014 based on empirical distributions obtained from historical records of different seismogenic regions. Inspired by the universality of power-law Gutenberg-Richter distributions of earthquake magnitudes (Gutenberg and Richter 1954) , Bak et al. (2002) attributed the scaling behavior of earthquakes to self-organized criticality, a dynamical state wherein the system reaches a critical state without a fine-tuning of parameters. Succeeding authors also noted power-law regimes in the distributions of interevent distances for regional Paczuski 2005, Marekova 2014 ) and global (Corral 2006) records. Interevent times are also fitted with distributions containing power-law sections (Corral 2004, Davidsen and Goltz 2004) . In particular, Corral (2004) observed that the distributions collapse under proper scaling under a curve that is best described by a gamma distribution. Succeeding work by Lippiello et al. (2012) and Marekova (2012) also noted the regimes of the distributions where the data deviates from the gamma distribution. On the other hand, other succeeding studies suggest that these distributions are substantially non-universal and resulting from a crossover between two regimes of different characteristic time scales (Touati et al 2009, Batac and Kantz 2014) .
Therefore, in this work, the aim is not to determine the best fitting function for the resulting distributions, but to establish characteristic separation distance and time scales involved in regional seismicity. Our analyses benefit from the availability of both historical data and "fresh" aftershock sequences, providing a good comparison between all earthquakes in the catalogue and earthquakes generated by the same main shock. In the succeeding, we show that the aftershock sequences follow the historical distributions only for the regimes previously determined to be dominated by correlated earthquakes (Batac and Kantz 2014) .
DISTRIBUTIONS OF INTEREVENT DISTANCES AND TIMES
It has been established that the distribution of separation distances between earthquakes from regional catalogues follows similar distributions across a Fig. 2 . Probability density functions of: (a) interevent distances, p(R), and (b) interevent times, p(T). In panel (a) the p(R) shows two regimes for historical PDE and PHIVOLCS, while the Bohol aftershock sequence is unimodal, with a trend closely following only the short-R regimes. In contrast, the shuffled historical data is shown to mimic the long-R regime, suggesting that this regime is dominated by events that have no correlation. The characteristic separation distance R* § 125 km where the original and shuffled sequences begin to show comparable trends is denoted by the broken line. In panel (b) the p(T) distributions show different cutoff regimes, which is expected due to the different lengths of time periods of the various catalogs.
range of magnitudes that ensure data completeness Kantz 2014, Marekova 2014) . The regimes of longer R values, in particular, are limited to the chosen observation window, resulting in a finite-size tapering off toward the diagonal of the rectangular window considered. On the other hand, short-R regimes are expected to be dominated by the clustering behavior of related earthquakes.
In Fig. 2a , the probability density functions of R, p(R), for the historical earthquakes from the PDE and PHIVOLCS catalogues are presented along with the corresponding distributions from the Bohol aftershock sequence. Qualitatively, the distributions show a separation between two regimes of different characteristic R scales, which is believed to be a manifestation of two spatial regimes involved in seismicity. The short-R regime may be attributed to the spatial clustering of correlated events, like aftershocks or earthquake swarms; on the other hand, the long-R part of the distributions results from the spatial separation between independent events.
The origin of the long-R regime may be probed by comparing the actual distributions with randomly shuffled sequences. Batac and Kantz (2014) conducted shuffling in the temporal domain by dividing the entire time of observation into small time slices and shuffling all these time slices. Time slices that contain earthquake events therefore retain the magnitude and epi-centre location information and only receive a new occurrence time upon shuffling. Such procedure removes any form of correlation among successive events in the original time sequence. The same procedure is employed in the analyses, and the resulting pdf's are shown in Fig. 2a . Consistent with previous results, the pdf's of shuffled events for both PDE and PHIVOLCS closely replicate the long-R regime, establishing the uncorrelated nature of events that produce this part of the distribution.
What about the short-R regime? Previous works propose that, in contrast with the long-R regime, the short-R regimes originate from correlated earthquakes. This explanation appears to be validated by the resulting statistics of Bohol aftershocks. In contrast with the historical data, the distribution from the Bohol sequence is clearly unimodal with peak at around 10 km, as shown in Fig. 2a . More importantly, the distribution of separation distances between Bohol aftershocks is found to closely replicate the trend of the short-R regime from the historical data. While we cannot remove the possible contributions from other form of correlated earthquake events (e.g., earthquake swarms), the data presented in Fig. 2 clearly shows that aftershocks follow the short-R regime, establishing one possible origin of these parts of the historical distribution.
The corresponding interevent time distributions p(T) are presented in Fig. 2b . Because of the differences in the periods considered, the probability of occurrence of longer waiting times is significantly higher for the PDE record that contains earthquake sequences taken from 1973-2012. Even so, it can be observed that the PHIVOLCS record, containing earthquakes from 2011-2013, shows a behavior comparable to the PDE. In Fig. 2b , this regime is observed for intermediate T values (around 10-1000 min); incidentally, this regime is usually fitted by power-law curves due to the almost linear trend in a double logarithmic scale. Finally, the Bohol record, apart from being very short, does not appear to have any similarities with the historical distributions. In the following section, conditional distributions are used to make sense of the resulting Bohol interevent time statistics.
SPATIO-TEMPORAL CONDITIONAL DISTRIBUTIONS
Because aftershock sequences exhibit high clustering both in space and time scales, conditional distributions of interevent times subject to the corresponding interevent distance will reveal the underlying spatio-temporal correlation. As a first approximation, the intersection between the interevent distance distributions of original and shuffled sequences may be used to denote "nearby" and "away" events.
In Fig. 2a , the intersection of the original and shuffled historical sequences is marked by a broken line dividing the p(R) distribution. This characteristic R*, which is found to be approximately constant for different threshold magnitudes and previously measured to be around 125 km for the Philippines (Batac and Kantz 2014) , is then used to obtain conditional relative frequency distributions f(T|R d R*) and f(T|R > R*), and the corresponding conditional probability density functions p(T|R d R*) and p(T|R > R*). These distribution functions, along with those of the Bohol sequence, are presented in Fig. 3 .
The plots show differences in the behavior of the distributions that persist even upon normalization. The normalized distributions p(T), p(T|R d R*) and p(T|R > R*), as shown in Fig. 3 , do not collapse under the same curve upon normalization. Instead, for short T values, p(T|R > R*) < p(T) < p(T|R d R*), suggesting "spatio-temporal clustering", i.e., events separated by shorter distances are more likely to be separated by shorter waiting times; on the other hand, for very long T values near the tails of the distributions,
showing "spatio-temporal separation", i.e., events happening at longer separation distances, which are more likely to be uncorrelated, also happen at longer characteristic waiting times.
It is also notable that the obtained conditional relative frequency distributions support the previous works showing that the interevent time distributions result from the crossover between two distributions of different characteristic times (Touati et al. 2009 ). In the insets of Fig. 3 , this crossover is clearly highlighted upon plotting the distribution of all interevent times,
f(T), with f(T|R d R*) and f(T|R > R*).
The f(T|R d R*) distributions peak at values around 10-100 min, while the f(T|R > R*) show peaks at 200 min for the PHIVOLCS and at 1000 min for the PDE data. The similarities in the peak values of f(T|R d R*) is hinted to be resulting from common mechanisms governing correlated earthquake sequences, while the differences in the f(T|R > R*) is attributed to the different time scales involved in independent events which is also related to the length of the catalogue (Batac and Kantz 2014) . Interestingly, the unimodal behavior and the peak value of the f(T|R d R*) distributions is comparable to that of the Bohol aftershock sequence. This result highlights the fact that the correlated mechanisms generating the short R and T for correlated earthquakes result primarily from aftershock sequences, earthquake generated by the same main shock.
For better comparison, Fig. 4 shows the conditional probability density functions p(T|R d R*) and p(T|R > R*) separately along with the Bohol aftershocks p(T). In . In panel (a) the short-R and short-T plots have comparable statistical distributions, suggesting universal generation mechanisms. Because the Bohol aftershock p(T) appears to follow the same behavior, we can infer that these conditional distributions are primarily due to the spatio-temporal clustering of aftershock sequences. In panel (b), on the other hand, the long-R and long-T plots generated by independent events show no such similarities.
The similarities of the short-R conditional T distributions among themselves and with the Bohol aftershock pdf suggests that this regime, dominated by successive events separated by short distances and equally short waiting times, is primarily due to aftershock sequences. The 7.1-magnitude earthquake in Bohol, which provided clear identification of aftershock locations and arrival times, therefore supports previous results that points to correlated mechanisms as the origin of this component of the total T distributions (Batac and Kantz 2014).
CONCLUSION
The immediate aftershocks of the 7.1-magnitude Bohol earthquake taken within the period of 15-31 October 2013 offered fresh insights into the problem of spatio-temporal characterization of earthquake occurrences. The statistics of interevent times and interevent distances between successive earthquake events in the Bohol series clearly lack the long-distance and long-time components observable in historical data. On the other hand, the statistics of the Bohol aftershock sequence shows remarkable similarities with distributions of conditional distributions obtained from short-distance and short-time events. This suggests that this component, which is also obtained from historical data (Batac and Kantz 2014) and from numerical models (Touati et al. 2009) , is dominated by the occurrence of correlated aftershocks.
The results agree with very recent analyses of model and empirical data (Touati et al. 2009 , Marekova 2014 and also point to the efficacy of the techniques presented in a previous work for separating the correlated and uncorrelated components from the total distributions of interevent distances and interevent times (Batac and Kantz 2014) . The technique does so without imposing arbitrary space and time scales: for the interevent distance, the boundary separating the short and long distance events is obtained by simple comparison with a randomly shuffled sequence, while for the interevent times, the conditional distributions subject to the corresponding interevent times are used to generate the component distributions. For the case of the Philippine seismogenic region, the comparison with the Bohol sequence clearly showed that the characteristic values emergent from the analyses are not arbitrary, as they are comparable to the statistical distributions obtained from "fresh" aftershock sequences. The technique may therefore be extended for other seismogenic regions and even for finer observation scales. Finally, the origin and implications of the observed clustering behavior may be understood better by incorporating insights from associated numerical models of seismicity and related phenomena (Touati et al. 2009 , Batac et al. 2012 , Biaáecki and Czechowski 2013 .
